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SYSTEYS AND C I R C U I T  PROTECTION 

Fourth Semiannual S t a t u s  I Report  

Background 

r e s e a m h  be ing  conducted i n  t h e  Department of Electr ical  Engi- 
n e e r i n g  a t  Duke U n i v e r s i t y  under Research Grant No, NsG 152-61, 
Supplement 1 - 6 2  from t h e  Nat iona l  Aeronaut ics  and Space 
Admin i s t r a t ion ,  York on t h i s  p r o j e c t  began May 2 9 ,  1 9 6 1 ,  The 
p r e s e n t  r e p o r t  concerns the per iod  from May 1, 1 9 6 2  t o  May 1, 
1963- T h i s  r e s e a r c h  program is p r e s e n t l y  be ing  extended beyond 
Vay 1963 under N s G  152-61, Supplement 2 - 6 2 ,  

During t h e  summer months of 1 9 6 2 ,  s i x  persons  were in -  
volved i n  t h i s  program on a f u l l - t i m e  b a s i s ,  I n  a d d i t i o n  t o  
t h e  P r i n c i p a l  I n v e s t i g a t o r  t h i s  number inc luded  a g r a d u a t e  
E lec t r i ca l  Engineer ,  a t e c h n i c i a n - l e v e l  s t u d e n t  a s s i s t a n t ,  and 
three persons  involved  i n  g radua te  s t u d i e s  i n  E lec t r ica l  Engi- 
n e e r i n g  a t  Duke, Heginning i n  September and cont inuinp;  throup,h 
t h e  academic y e a r ,  t w o  persons i n  a d d i t i o n  t o  t h e  P r i n c i p a l  
I n v e s t i g a t o r  have worked f u l l  t i m e  on t h e  program, During t h i s  
i n t e r v a l ,  one of t h e  persons completed t h e  requi rements  f o r  
t h e  Ph,D, i n  E lec t r ica l  Engineer ing w i t h  h i s  d i s s e r t a t i o n  
being concerned, p r i m a r i l y ,  w i th  r e s e a r c h  which has been per-  
formed f o r  NASA under t h i s  g r a n t ,  

T h i s  r e p o r t  is t h e  f o u r t h  semiannual s t a t u s  r e p o r t  on 

Discuss ion  of Research 

I ,  During t h e  six-month i n t e r v a l  preceding  t h e  pe r iod  
covered by t h i s  r e p o r t ,  c e r t a i n  new developments r e l a t i n g  t o  
improved SCIi i n v e r t e r  c i r c u i t s  were r e p o r t e d  t o  NASA as 
Inven t ion  Disclosures,  Numbers 276 and 277, These i n v e r t e r -  
c i r c u i t  developments were a l so  t h e  basis  for  a t e c h n i c a l  
paper ,  A I E E  N o n  62-1029, which w a s  presen ted  i n  June 1 9 6 2  a t  
t h e  A I E E  Summer General  Meeting and Conference on Aerospace 
T r a n s p o r t a t i o n  h e l d  i n  Denver, Colorado, T h i s  pape r  subse-  
q u e n t l y  w a s  publ i shed  i n  t h e  IEEE T r a n s a c t i o n s ,  p t ,  I 
I (Communications and E l e c t r o n i c s )  January  1963,.ppg 429-433, 
Copies of t h i s  paper  have prevzous ly  been submi t ted  t o  NASA 
decord ine  t o  t h e  i n s t r u c t i o n s  of o u r  g r a n t  and c o p i e s  of t h i s  
p a p 7  also were inc luded  as a part of t h e  second semiannual  
s t a t u s  r e p o r t  submi t ted  by t h i s  p r o j e c t ,  

More r e c e n t l y ,  i,e, d u r i n g  t h e  e a r l y  p a r t  of t h e  1 2  
month i n t e r v a l  covered by t h i s  r e p o r t ,  f u r t h e r  work h a s  been 
done i n  t h i s  areao T h i s  has  r e s u l t e d  i n  t w o  a d d i t i o n a l  
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i r v e n t i o n  disclosures , lJumbers 6 6 8  and 669  e n t i t l e d  "Frequency 
C o n t r o l l a b l e  T r i g g e r  C i r c u i t  f o r  ContTolled Rectifiers" and 
"Clircai t r y  for C o n t r D l l i n E  T r a n s i e n t  Voltages and Cur ren t s  a t  
t h e  I n p u t  and Output of Averaging F i l t e r s " ,  Th i s  work h a s  
a l s o  r e s u l t e d  i n  t h e  p r e p a r a t i o n  of a paper ,  I E E E  No, 63-1090 ,  
e n t i t l e d  "Regulated D-C t o  D-C SCR Conver te r  Employing Nonlinecr  
Two-Core Transformer"9 and t h i s  paper  is  t o  be p re sen ted  i n  
June 1 9 6 3  a t  t h e  Summer General Meeting of t h e  IEEE i n  Torontc ,  
Canada, This pape r  d e s c r i b e s  a n  e f f i c i e n t  c c n v e r t e r  i n  which 
c e r t a i n  c i r c u i t  t echniques  have been in t roduced  which t e n d  t o  
minimize many of t h e  most s e r i o u s  problems normally a s s o c i a t e d  
w i t h  t h e  use  of SCRvs i n  such power c o n v e r t e r s o  Consequently,  
t h e  o v e r a l l  s i z e ,  weight ,  e f f i c i e n c y ,  and r e l i a b i l i t y  of t h i s  
c o n v e r t e r  compare q u i t e  favorably  wi th  more conven t iona l  
c o n v e r t e r s  u s i n g  SCROs, Since S C R P s  are  used as t h e  s w i t c h i n g  
e lements ,  t h i s  c i r c u i t  is w e l l  adapted  f o r  use  a t  very h i g h  
power l e v e l s ,  However, as po in ted  o u t  i n  t h e  pape r ,  t h e  c i r c u  t 
a l s o  r e t a i n s  i ts  favorab le  charac te r i s t ics  and is a t t r a c t i v e  
f o r  use  even a t  r e l a t i v e l y  low power l e v e l s ,  The r e a d e r  is  
referred t o  Appendixes A ,  B,  and C f o r  more d e t a i l e d  t e c h n i c a l  
i n fo rma t ion  abou t  t h i s  work, 

I10 I n  September 1 9 6 2  t h e  program mentioned i n  t w o  
p rev ious  semiannual r e p o r t s  concern ing  the a p p l i c a t i o n  of 
ana log  computer techniques  t o  t h e  s t u d y  of s p a c e c r a f t  e lectr izal  
system p r o t e c t i o n  w a s  d i scon t inued ,  This s t u d y  had been i n  
t h e  form of a p re l imina ry  i n v e s t i g a t i o n ,  i n v o l v i n g  approxima:ely 
six man-months of e f f o r t ,  The purpose of t h i s  program was t 2  
c o n s i d e r  t h e  p o t e n t i a l  va lue  of t h e  ana log  computer as a to t1  
f o r  a n a l y s i s ,  des ign ,  and e v a l u a t i o n  i n  s t u d i e s  concerned wbth 
t h e  problems of minimizing t h e  e f fec ts  upon s p a c e c r a f t  e lec . s r ica1  
sys tems of v a r i o u s  t r a n s i e n t  over load  c o n d i t i o n s ,  f a u l t s ,  
m a  If unc t i o n s  

As t h e  complexity of s p a c e c r a f t  c o n t i n u e s  t o  inc reas ' ,  
it becomes i n c r e a s i n g l y  impor tan t  t h a t  t h e  s e l e c t i o n  o f  pro-  
t e c t i v e  measures and t h e  i n t e g r a t i o n  of t h e s e  measures i n t o  t h e  
e l ec t r i ca l  system be done from an  overa l l - sys tem viewpoin t ,  
P r i o r i t i e s ,  of cour se ,  must be observed and p r o t e c t i v e  a c t i m s  
m u s t  be seauenceda Ilowever, t h e  des ign  of such a p r o t e c t i v ?  
sys tem invo lves  n g t  on ly  a knowledge of sub-system p r i o r i t i 3 s  
and p o t e n t i a l  f a u l t  cond i t ions ;  it also r e q u i r e s  a knowledpe 
of t h e  t r a n s i e n t  v o l t a g e s  and c u r r e n t s  r e s u l t i n g  from thest-  
f a u l t  c o n d i t i o n s  and of t h e  manner i n  which t h e s e  v o l t a g e  and 
c u r r e n t  t r a n s i e n t s  are propagated through t h e  sys tem,  It is  
i n  t h e  s t u d y  of such t r a n s i e n t  c o n d i t i o n s  and t h e i r  effec.:s 
upon low-thermal-time-constant c i r c u i t  e lements  t h a t  analog- 
computer t echn iques  appear  t o  be  e s p e c i a l l y  i n t e r e s t i n g ,  Such 
c o n s i d e r a t i o n s  were t h e  mot iva t ion  f o r  t h e  c o n s i d e r a t i o n  which 
has  been g iven  t o  t h i s  approach a t  Duke, 

For t h i s  e v a l u a t i o n - l e v e l  program, only  e x i s t i n g  ana log  
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computer f a c i l i t i e s  i n  t h e  Department of E lec t r i ca l  Engineer ing  
a t  Duke U n i v e r s i t y  were u t i l i z e d ,  These f a c i l i t i e s  were 
s imple  and c e n t e r e d  around a 40 a m p l i f i e r  computer" E s s e n t i a l l y  
n o  n o n l i n e a r  func t ion-genera t ion  equipment was a v a i l a b l e ,  and 
m u l t i p l i e r s  became a v a i l a b l e  too l a t e  i n  t h e  program t o  be of 
u s e ,  

Two approaches t o  t h e  s i m u l a t i o n  problem were cons ide red ,  
I n  t h e  f irst  approach each s u b c i r c u i t ,  e , g ,  each c o n v e r t e r  or 
c o n v e r t e r - r e g u l a t o r ,  would be cons ide red  as a f u n c t i o n a l  b lock  
on t h e  basis of i ts  electr ical  t r a n s f e r  f u n c t i o n s ,  Using t h e  
t r a n s f e r  f u n c t i o n s  of t h e  s u b c i r c u i t s ,  t h e  e n t i r e  electrical  
system would then  be s imula ted  on a computer, t he reby  making 
p o s s i b l e  an  examinat ion of t r a n s i e n t  c o n d i t i o n s  which are i n -  
t e n t i o n a l l y  in t roduced  by s i m u l a t i n g  f a u l t  c o n d i t i o n s ,  I n  t h e  
second approach, an e f f o r t  would be made t o  s i m u l a t e  as much 
as  p o s s i b l e  of each  s u b c i r c u i t ,  For examplep a conve r t e r -  
r e g u l a t o r  would n o t  be r ep resen ted  s imply by i t s  input - to-  
o u t p u t  vo l t age -cu r ren t  r e l a t i o n s h i p s  b u t ,  i n s t e a d ,  would be 
r e p r e s e n t e d  by a much more d e t a i l e d  s i m u l a t i o n  of t h e  a c t u a l  
convers ion  and r e g u l a t i o n  p rocesses  which t a k e  p l a c e  w i t h i n  
t h e  c o n v e r t e r - r e g u l a t o r ,  
s i d e r a b l y  more d e t a i l e d  informat ion '  abou t  t h e  s t r e s s i n g  af ' 

i n d i v i d u a l  system components b u t  would n e c e s s i t a t e  a much la rger  
computer f a c i l i t y  t h a n  would t h e  first approach, 

Such a sirilulat-ion would provide  con- 

Appendix D con ta ins  a t e c h n i c a l  r e p o r t  on s i m u l a t i o n  
e f f o r t s  undertaken as a p a r t  of t h i s  program, Cons iderable  
a t t e n t i o n  has  been focused on t h e  problem of r e a l i s t i c a l l y  
s i m u l a t i n g  t h e  behavior  of r e c t a n g u l a r - h y s t e r e s i s - l o o p  magnet ic  
cores i n  power-handling c i r c u i t s ,  Th i s  problem i n v o l v e s  t h e  
s i m u l a t i o n  of h i g h l y  non l inea r  phenomena of t h e  t y p e  which are 
t o  be expected throughout  a s p a c e c r a f t  e lectr ical  system, 
t h e  problems and complexi t ies  involved  i n  a t t a i n i n g  a real is t ic  
s i m u l a t i o n  of squqre- loop c o r e s  are i l l u s t r a t i v e  of t h e  t y p e  
of s i m u l a t i o n  problems which would b e  encountered  a g a i n  and 
a g a i n  i n  such  a computer s tudy  of sys tem p r o t e c t i o n ,  

Thus, 

On t h e  b a s i s  of t h e  work which has  been done, t h e  
fo l lowing  o b s e r v a t i o n s  are made: 

(a> The problems of r e a l i s t i c a l l y  programming on an  
ana log  computer t h e  type  of s o l i d - s t a t e  e lec t r ica l  systems 
commonly used i n  s p a c e c r a f t  are made c o n s i d e r a b l y  more complex 
by t h e  h i g h l y  n o n l i n e a r  n a t u r e  of t h e  v a r i o u s  system e lements ,  
These n o n l i n e a r i t i e s  r e p r e s e n t  p a r t i c u l a r l y  s i g n i f i c a n t  ob- 
s tacles  when it is  d e s i r e d  t o  program t h e  f u n c t i o n i n g  of i n d i -  
v i d u a l  s u b c i r c u i t s ,  ( S e e  Appendix D), Consequently,  i t  appea r s  
t h a t  such  a s t u d y ,  t o  be meaningful,  would r e q u i r e  a r a t h e r  
l a r g e  analog-computer f a c i l i t y  i n  which w a s  i nc luded  adequate  
accesso ry  equipment for t h e  s i m u l a t i o n  of v a r i o u s  n o n l i n e a r  
f u n c t i o n s  and effects, Such a s t u d y  would also r e q u i r e  a 
c o n s i d e r a b l e  man-hour investment  , 
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( b )  Because of t h e  necessa ry  s i z e  of t h e  computer 
f a c i l i t y  and of t h e  scope of such  a p r o j e c t  as r e g a r d s  t h e  
p r o f e s s i o n a l  man-hours which would be r e q u i r e d ,  i t  is  recom- 
mended t h a t ,  i n  t h e  e v e n t  such a p r o t e c t i o n  s t u d y  i s  u t i l i z e d ,  
i t  be performed a t  t h e  time of and as a p a r t  of t h e  i n i t i a l  
sys tem des ign ,  By s o  doing,  t h e  computer p o s s i b l y  could  be made 
t o  provide  d a t a  which would f a c i l i t a t e  t h e  electrical  d e s i g n  
of t h e  system, which wou ld  s e r v e  as a guide  f o r  t h e  s e l e c t i o n  
of compatible  p r o t e c t i v e  measures, and which would provide  a 
b a s i s  for  t h e  e f f e c t i v e  i n t e g r a t i o n  of t h e s e  measures i n t o  
t h e  system, Many problems of des ign  and sys tem p r o t e c t i o n  would 
be r e l a t e d ,  For  example, t h e  problems of c r o s s - t a l k  between 
v a r i o u s  loads and t r a n s i e n t  p r o g a t i o n s  through t h e  system due 
t o  f a u l t s  might be  found t o  be q u i t e  c l o s e l y  r e l a t e d ,  P r o t e c t i v e  
c o n s i d e r a t i o n s  would become, from t h e  o u t s e t ,  and i n t e g r a l  p a r t  
of t h e  o v e r a l l  system des ign ,  

As mentioned p rev ious ly ,  t h e  a t t e n t i o n  g iven  t o  t h i s  
problem has  been l i m i t e d  t o  a b r i e f  p re l imina ry  examinat ion of 
some of t h e  p o t e n t i a l  p o s s i b i l i t i e s  and some of t h e  d i f f i c u l t i e s  
a s s o c i a t e d  w i t h  such  an approach t o  t h e  problems of system 
p r o t e c t i o n ,  Bar r ing  s p e c i f i c  i n d i c a t i o n s  of i n t e r e s t  on t h e  
p a r t  of NASA, it is n o t  now planned t h a t  t h e  work along, these 
l i n e s  be c a r r i e d  any f u r t h e r ,  

I11 0 Under c o n t r a c t  NAS 5-1980 from NASA, some work has 
p r e v i o u s l y  been done by members of t h i s  r e s e a r c h  group on non- 
d i s s i p a t i v e  conve r t e r - r egu la to r s  i n c o r p o r a t i n g  s h o r t - c i r c u i t  
p r o t e c t i o n ,  This -program ended JiJly, 1 9 6 2 ,  However, a t  the 
conc lus ion  of t h i s  c o n t r a c t ,  t h e  i n t e r e s t  of t h e  p a r t i c i p a n t s  
i n  some of t h e  new c i r c u i t  i d e a s  then  be ing  explored  was high, 
and f o r  a t i m e  f u r t h e r  work a long  these l i n e s  w a s  cont inued  
under  t h e  p r e s e n t  g r a n t c  

The r e s u l t s  of t h e s e  e x p l o r a t i o n s  are summarized i n  a 
t e c h n i c a l  paper  which is inc luded  as Appendix E of t h i s  r e p o r t ,  
This t e c h n i c a l  pape r  was presented  i n  Vashington, Do C ,  i n  
A p r i l ,  1963 a t  t h e  I n t e r n a t i o n a l  Conference on Nonl inear  
Magnetics ( Intermag) and was pub l i shed  as a p a r t  of t h e  
Proceedings of t h a t  conference,  T h i s  paper  has a lso been 
reviewed and accep ted  for p u b l i c a t i o n  i n  t h e  Transac t ions  of 
t h e  I n s t i t u t e  of Electrical  and E l e c t r o n i c  Engineers  a l though 
a c t u a l  p u b l i c a t i o n  h a s  n o t  y e t  occur red  m 

A s  exp la ined  i n  t h e  paper ,  Appendix E ,  t h e s e  c i r c u i t s  
make use  of m u l t i p l e  cores w i t h i n  t h e  same t r ans fo rmer  package 
t o  s i m u l a t e  a s a t u r a b l e  t r ans fo rmer  wi th  an  a p p a r e n t l y  con- 
t r o l l a b l e  vol t -second capac i ty ,  I t  is shown t h a t  t h e  charac-  
t e r i s t i c s  t h u s  o b t a i n a b l e  f i n d  d i r e c t  a p p l i c a t i o n  i n  frequency- 
c o n t r o l l a b l e  magnet ical ly-coupled t r a n s i s t o r  i n v e r t e r s ,  Such 
c i r c u i t s  are of i n t e r e s t  i n  r e g a r d  t o  both  power conve r s ion  
and informat ion  process jng ,  
are a l so  po in ted  o u t ,  e . g ,  t h e  use  of t h e s e  p r i n c i p l e s  i n  

A d d i t i o n a l  u ses  of t h e s e  p r i n c i p l e s  
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c i r c u i t s  t o  sum a p l u r a l i t y  of d-c i n p u t  v o l t a g e s  having  e i t h e r  
cornon or isolated grounds 

I n  d i s c u s s i n g  these  mul t ip l e -co re  c i r c u i t s ,  emphasis 
is directed p r i m a r i l y  toward t h e  p r i n c i p l e s  involved  and t h e  
p o s s i b i l i t i e s  offered by such circuits r a t h e r  t h a n  toward 
s p e c i a l  a d a p t a t i o n s  of t h e  c i r c u i t r y  to s p e c i f i c  a p p l i c a t i o n s .  
Exper imenta l  r e s u l t s  ob ta ined  from tes t  c i r c u i t s  are also 
p resen ted ,  

Appendix F refers t o  an i n v e n t i o n  d i s c l o s u r e  concern ing  

The characteristics of s w i t c h i n g  t r a n s i s t o r s  and s i l i c o n  

t h i s  work which h a s  p rev ious ly  been submi t t ed  t o  NASA. 

IVO 
c o n t r o l l e d  rectifiers are c o n s t a n t l y  ba ing  improved w i t h  t h e  
r e s u l t  t h a t  t h e s e  d e v i c e s  can now perform e f f i c i e n t l y  as s w i t c h e s  
i n  r e l a t i v e l y  h igh  frequency a p p l i c a t i o n s .  This fact ,  a l o n g  
wi th  the a v a i l a b i l i t y  of high q u a l i t y  tape-wound toroidal cores 
s u i t a b l e  for use  a t  very  high f r e q u e n c i e s ,  has  l e d  t o  t h e  u s e  
of r e l a t i v e l y  h igh  swi t ch ing  f r e q u e n c i e s  i n  d-c t o  d-c conve r s ion  
c i r c u i t r y .  SCR c o n v e r t e r s  are f r e q u e n t l y  ope ra t ed  i n  the range 
of3 KC and t r a n s i s t o r  c o n v e r t e r s  are o f t e n  des igned  for  cons ide r -  
a b l y  h i g h e r  f r equenc ie s .  

Aside from e f f i c i e n c y  c o n s i d e r a t i o n s ,  f e w  i f  any real  
compl i ca t ions  r e s u l t  from a t t e m p t i n g  t o  o p e r a t e  t h e  i n v e r t e r  
s t a g e  of a d-c t o  d-c c o n v e r t e r  a t  h igh  f r e q u e n c i e s ,  
r e d u c t i o n  i n  t h e  necessa ry  s i z e  and weight  of t h e  magnetic 
components of such c o n v e r t e r s  h a s  t h e r e f o r e  r e s u l t e d .  

S i g n i f i c a n t  

H o w e v e r ,  it is cons ide rab ly  more d i f f i c u l t  t o  t a k e  
advantage of t h e  p o t e n t i a l l y  h i g h  s w i t c h i n g  speeds  of t r a n s i s t c r s  
and SCR's i n  a p p l i c a t i o n s  r e q u i r i n g  t h e  convers ion  of d i r e c t  
c u r r e n t  t o  l o w  f requency (60  or 400 c p s )  a l t e r n a t i n g  c u r r e n t ,  
Here, i t  i s  most convenient  t o  perform t h e  i n v e r s i o n  by a 
s w i t c h i n g  p rocess  which has a frequency cor responding  t o  t h e  
des i red  o u t p u t  frequency. T y p i c a l l y  t h e  o u t p u t  t h u s  obtainisd 
w i l l  be  a squa re  wave o r  a quas i - square  wave which w i l l  ha\(? 
t o  be f i l t e r e d  for  t h o s e  a p p l i c a t i o n s  r e q u i r i n g  a s i n u s o i d 3 1  
a-c v o l t a g e .  Both t h e  low-frequency i n v e r t e r  and t h e  assrlciated 
f i l t e r  r e p r e s e n t  cons ide rab le  s ize  and weight.  

Appendix G concerns some work which has been done under  
t h i s  g r a n t  w i t h  t h e  o b j e c t i v e  of e n a b l i n g  d-c power t o  bz 
conver ted  to a-c power with conve r s ion  equipment whose t ie ight  
and s i z e  is  c o n s i s t e n t  with t h e  minimums e s t a b l i s h e d  by t h e  
q u a l i t y  of t h e  a v a i l a b l e  magnetic and s w i t c h i n g  elements  r a t h e r  
t h a n  be ing  d i c t a t e d  by t h e  n e c e s s i t y  of hav ing  a l o w  fi.equency 
o u t p u t ,  Th i s  can be accomplished by s y n t h e s i z i n g  a l u d  fre- 
quency waveform of approximately s i n u s o i d a l  waveshape from t h e  
o u t p u t s  of one o r  more high frequency vo l t age - t r ans fo rma t ion  
units, I n  theo ry ,  such an  approach is e n t i r e l y  feasible, I n  
p r a c t i c e ,  it i3 found tha t  avo id ing  undue complexity and re- 
s u l t i n g  r e l i a b i l i t y  compromises is a severe cha l l enge .  The 
n e c e s s i t y  for p rov id ing  f o r  the h a n d l i n g  of r e a c t i v e  c u r r e n t s  
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i n  such a system is the source of many of the  compl ica t ions .  

to t h i s  g e n e r a l  problem are t o  be found i n  Appendix G. 

v, As a r e s u l t  of t he  con t inu ing  r a p i d  p rogres s  i n  t he  
development of new sources of electrical  energy,  there  i s  an 
e v e r  con t inu ing  need f o r  a p a r a l l e l i n g  development of s u i t a b l e  
power c o n v e r t e r s  tind r e g u l a t a r s  t o  be used w i t h  these new sources .  
Most of these newer sou rces  of electrical energy are c h a r a c t e r i z e d  
by an  i n h e r e n t l y  low-voltage, d i m c t - c u r r e n t  ou tput .  Weight, 
s i ze , , and  r e l i a b i l i t y  problems are encountered  i n  p l a c i n g  a 
great  many of these l o w  vo l tage  g e n e r a t o r s  i n  series. The 
a l t e r n a t i v e ,  therefore, is  t o  des ign  electrical-to-electrical 
convers ion  u n i t s  which w i l l  a c c e p t  t h e  energy from these very- 
low-voltage,  h igh-cur ren t  sources and e f f i c i e n t l y  conve r t  t h i s  
energy  to the  va r ious  vol tage  and c u r r e n t  l e v e l s  which are 
r e q u i r e d  i n  a given s p a c e c r a f t ,  

v o l t a g e  convers ion  , has rece ived  cons ide rab le  a t t e n t i o n  a t  Duke 
du r ing  the  preceding  1 2  months, 
approaches t o  the problem, 

c e n t e r s  around the conve r t e r  swi tch ing  elements .  Any workable 
c o n v e r t e r  des ign  must n e c e s s a r i l y  make u s e o f  one or more 
swi t ch ing  e lements  (see Appendix J) ,  and these swi t ch ing  
e lements  mus t  be capable  of e f f i c i e n t l y  swi tch ing  t h e  r e l a t i v e l y  
l a r g e  c u r r e n t s  t o  be expected f r o m  a low-voltage sou rce  of 
electrical energy., Furthermore,  i n  order t o  r e a l i z e  a reason-  
able o v e r a l l  s i z e  and w e i g h t  for  t h e  c o n v e r t e r ,  t he  swi t ch ing  
e lements  must be capable of reasonably  high speed  o p e r a t i o n ,  

Technica l  d i s c u s s i o n s  of i n i t i a l  i n v e s t i g a t i o n s  r e l a t i n g  0 

T h i s  p a r t i c u l a r  problem, 5.e. t h e  problem of  low- 

Nork has been done on two 

Effort  on the low-voltage convers ion  problem unavoidably 

(a) One approach t o  the  l o w  v o l t a g e  c o n v e r t e r  problem 
at Duke has centered about the  development of an e l e c t r i c a l l y  
c o n t r o l l a b l e  l iqu id-meta l  switch.  
i n  t h e  o p e r a t i o n  of such a switch w e r e  expla ined  i n  NASA P a t e n t  
D i sc losu re  No. 487 which was submi t ted  t o  NASA June 29, 1962. 
Copies of t h i s  d i s c l o s u r e  were also made a p a r t  of t he  second 
semiannual  s t a t u s  r e p o r t  from t h i s  poject.  

The basic p r i n c i p l e s  involved  

With the l iqu id-meta l  s w i t c h ,  a small q u a n t i t y  of a 
l i q u i d  metal, e.g, mercury, is enclosed  w i t h i n  a small c o n t a i n e r  
of predetermined shape i n  which are p laced  s u i t a b l e  c o n t a c t  
electrodes, 
exceeded i n  t h i s  l o w  vo l t age  a p p l i c a t i o n  and, therefore, by 
p e r i o d i c a l l y  changing the  p o s i t i o n  of the mercury w i t h  r e l a t i o n  
t o  the c o n t a c t  electrodes the  dev ice  may be made t o  s e r v e  as 
a very effective low-voltage h igh -cu r ren t  switch.  As expla ined  
i r .  the  i n v e n t i o n  d i s k l o s u r e ,  e l ec t romagne t i c  rather t h a n  
g r a v i t a t i o n a l  or  i n e r t i a l  forces are u t i l i z e d  t o  cause t h e  

The i o n i z a t i o n  p o t e n t i a l  of mercury is  neve r  



d e s i r e d  movements of t h e  mercury. Thus ,  the switch would be 
w e l l  s u i t e d  for opera t ion  i n  a "weightless" environment and 
would n o t  depend for i t s  opera t ion  on mechanical movements of 
t h e  c o n t a i n e r  or its suppc r t ing  members ,, 

T h i s  l iqu id-swi tch  i n v e s t i g a t i o n  is n e c e s s a r i l y  very  
basic i n  n a t u r e  and t h e r e f o r e  t h e  outcome of t h i s  program is  
very  d i f f i c u l t  t o  p r e d i c t ,  '*at i s  hoped for  is  a h i g h l y  eff i -  
c i e n t  switching element ,  the r e l i a b i l i t y  of which w i l l  be 
compat ib le  w i t h  t h e  demands of spacecraft usage. Encouragement 
is t o  be found i n  the  fact t h a t  such a switch would make p o s s i b l e  
an a l l  metallic primary c o n v e r t e r  c i r c u i t ,  
materials used i n  a t ransis tor  switch would be c h a r a c t e r i z e d  
by a carrier d e n s i t y  on t h e  order of 1019 carriers/cm3 whereas 
mercury used i n  a l iqu id-meta l  switch would offer a carrier 
d e n s i t y  on the order of 1022 carriers/cm3. Likewise t h e  high 
b o i l i n g  p o i n t  of nercury  (356OC) would seem t o  i n d i c a t e  t ha t ,  
p o t e n t i a l l y ,  rather high temperature  o p e r a t i o n  might be feasible 
w i t h  such a switch,  Another a t t r a c t i v e  p o s s i b i l i t y  would be 
tha t  of being able t o  ope ra t e  c o n v e r t e r s  us ing  such  switches 
i n  a very  h igh  r a d i a t i o n  environment,  e,g. i n  close proximi ty  
t o  a n u c l e a r  reactor, F i n a l l y ,  there is the p o s s i b i l i t y  t h a t  
s u c h  l iqu id-meta l  switches could u l f i m a t e l y  be fabricated more 
economical ly  than  t r a n s i s t o r  switches of e q u i v a l e n t  r a t i n g s .  
If t h i s  be the case, commercial a p p l i c a t i o n  of these switches 
could  r e s u l t ,  eoge  i n  conjunct ion  wi th  commercial a p p l i c a t i o n s  
of f u e l  cells, 

a 

The semiconductor  

On the more realistic s i d e  of t h e  p i c t u r e ,  however, 
there are many unknowns, 
Seen b u i l t  and operated.  However, these w e r e  r e l a t i v e l y  l o w  
c u r r e n t  u n i t s  and, to an o b j e c t i o n a b l e  degree, s u b j e c t  to 
i n e r t i a l  effects, Long-term r e l i a b i l i t y  is s t i l l  an unknown 
factor. I n  t h i s  r ega rd ,  many problems of  materials and 
c o n s t r u c t i o n  m u s t  be dea l t  w i t h ,  Both two-and-four-terminal 
switches are being  s t u d i e d  and c o n s i d e r a b l e  a t t e n t i o n  is be ing  
directed toward a s w i t c h  and converter combination t h a t  w i l l  
n o t  be c h a r a c t e r i z e d  by a n  o b j e c t i o n a b l e  weight and s i z e  for  
a g iven  power l e v e l .  

Severa l  p re l imina ry  test-switches have 

To date, t he  effort on t h i s  l i qu id -me ta l  switch has 
been i n  the form of an i n i t i a l  s t u d y  of some of the i n h e r e n t  
problems, Beginning June  I, 1963 it is planned t h a t  cons ide rab ly  
more emphasis be p laced  on t h i s  switch.  

(b) Other  work at Duke on the law-vol tage c o n v e r t e r  
has involved the u s e  of transistors as t h e  swi t ch ing  elements ,  
Seve ra l  companies have developed special t r a n s i s t o r s  fo r  t h i s  
purpose,  However, convent ional  t r a n s i s t o r i z e d  i n v e r t e r  c i r c u i t s  
fail t o  take f u l l  advantage of t h e  p o t e n t i a l  e f f i c i e n c y  of these 
t ransis tors ,  and it is i n  the development of improved i n v e r t e r  
c i r c u i t r y  t ha t  a t t e n t i o n  a t  Duke has been focused,  
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This work has been summarized t e c h n i c a l l y  i n  Appendix H 

This paper  has been 
and w i l l  n o t  be f u r t h e r  reviewed here. 
of a t e c h n i c a l  paper  concerning t h i s  work, 
accepted  for  p u b l i c a t i o n  i n  the Transac t ions  of the I n s t i t u t e  
of Electrical and E l e c t r o n i c  Engineers  and tor p r e s e n t a t i o n  a t  
t he  Na t iona l  El e c t r o n i c s  Conference i n  Chicago, Ill. i n  October, 
1963. Appendix I refers t o  an  i n v e n t i o n  d i s c l o s u r e  concern ing  
t h i s  work which has previous ly  been made t o  NASA i n  accordance 
w i t h  t he  i n s t r u c t i o n s  i n  the g ran t .  

V I  e As mentioned previous ly ,  one of the persons  working 
under  t h i s  g r a n t  completed the requi rements  for t h e  Ph.D. degree  
i n  Electrical Engineer ing  i n  May, 1963, H i s  d i s s e r t a t i o n  w a s  
concerned, p r i m a r i l y ,  wi th  research which has been performed 
under  t h e  p r e s e n t  research g r a n t  from NASA. Appendix J is a 
copy of t h i s  d i s s e r t a t i o n e  

Appendix H is a copy 

I n s o f a r  as t e c h n i c a l  c o n t e n t  is concerned,  the readers 
of t h i s  r e p o r t  may conserve t i m e  by n o t i n g  the p a r a l l e l  between 
Appendixes A and H of t h i s  r e p o r t  and Chapters  I V  and V of the 
d i s s e r t a t i o n ,  Pages 40-43 of Chapter  I V  p r e s e n t  i n fo rma t ion  
n o t  conta ined  i n  Appendix A, Otherwise Chapters  I V  and V of 
Appendix J are e q u i v a l e n t  t e c h n i c a l l y  t o  Appendixes A and H. 

Chapter I1 of Appendix J is  concerned w i t h  c e r t a i n  
theoretical l i m i t a t i o n s  on electrical-to-electrical energy  
convers ion  from d i r e c t - c u r r e n t  sourceso 
the va r ious  concepts  and approaches associated with the des ign  
of v o l t a g e  c o n v e r t e r s ,  i nc lud ing  systems for i n v e r s i o n  and 
r e g u l a t i o n ,  c e r t a i n  g e n e r a l  " t r u t h s "  or r u l e s  of the game make 
themselves  felt .  Often,  however, these fundamental  p r i n c i p l e s  
are recognized  only  i n  a s e m i - i n t u i t i v e  manner and m a k e  themselves  
f e l t  only  i n  t h e  success  o r  f a i l u r e  of such an e f f o r t ,  It is 
the purpose of the  d i scuss ion  of t h i s  c h a p t e r  t o  state c e r t a i n  
of these "truths" as r u l e s  wi thout  formal proof .  Though these 
r u l e s  p o i n t  o u t  t he  f u t i l i t y  of c e r t a i n  approaches t o  convers ion  
and r e g u l a t i o n  problems, t h e  pr imary purpose fo r  s t a t i n g  them 
w a s  s imply t o  d e f i n e  certain necessa ry  c h a r a c t e r i s t i c s  of 
p h y s i c a l l y  realizable conversion and r e g u l a t i o n  systems and t o  
provide  u s e f u l  g u i d e l i n e s  f o r  f u r t h e r  research. If these 
necessary  c h a r a c t e r i s t i c s ,  or i n g r e d i e n t s ,  are recognized  i n  
their  most e lementary  forms, perhaps  t h i s  w i l l  facil i tate effor ts  
t o  evolve  systems having,  for example, less s i z e ,  weight ,  or 
power loss  than  are characteristic of p r e s e n t l y  used systems,  

Preceding  the Appendixes i s  a s t a t emen t  of e x p e n d i t u r e s  
for t h i s  p r o j e c t  from June 1, 1962 through May 31, 1963. 

The p a r t i c i p a n t s  i n  t h i s  r e s e a r c h  program would l i k e  
to take this oppor tun i ty  t o  acknowledge and e x p r e s s  t h e i r  
g r a t i t u d e  for t h e  inva luab le  t e c h n i c a l  adv ice  and i n fo rma t ion  
gained through close communication w i t h  the  Power Sources  Sec t ion ,  
Spacecraft Technology Divis ion,  Goddard Space F l i g h t  Center ,  
P a r t i c u l a r l y  p r o f i t a b l e  have been the  s e v e r a l  t r i p s  t o  GSFC 

To anyone workicg w i t h  
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by Duke research personnel and the v i s i t s  to Duke by Mr. E. 
P a s c i u t t i ,  Nr. L, V e i l l e t t e ,  Mr, Me Davis,  and Mr. Le Williams, 
and by M r .  Fred C, Yagerhofer, Head of the Power Sources Sec t ion ,  
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